Abstract: Waste management, being one of the most important aspects of urban development, is gaining importance among developing nations. Landfills, which were initiated for hazardous waste management and subsequently transformed into sanitary landfills, have been the most widely adapted practice for municipal solid waste management worldwide. However, the conventional design of landfills not only fails to fulfil the needs of waste management but also fails to target optimal resource recovery and energy generation. In the present study, modified design was proposed for partially engineered landfill system based on theoretical considerations. Its potential for energy generation and resource utilisation was analysed with a case study of Mumbai municipal solid waste. It was found that the system with modified design could yield 0.157 million tons of landfill gas (0.145 million tons of coal equivalent) out of one year of solid waste. Further, this could recover resource valued at US$2.49 million per year.
Introduction
Rapid population growth and urbanisation results in increasing environmental concerns and municipal solid waste (MSW) management is of prime importance in such rising urban issues. The state of economy, to a large extent influences waste generation and MSW in particular. Unlike other solid wastes, namely industrial solid waste, hazardous waste, hospital waste, MSW involves waste generation from various sources. The generation being the non-point/area source, collection and disposal poses a serious problem to the local municipalities and other regulatory bodies. The per capita waste generation rate among developing countries was recorded as low as 300 g (g/capita/day) (CES, 2000) . However, due to changes in living conditions and influence of western 'throw away' culture, continued raise in solid waste generation is expected (CES, 2000; IIT, 1997) . This increase in solid waste generation not only results in environmental degradation but also involves huge loss of natural resources, which remains unaccounted for (Parikh and Parikh, 1997) .
MSW management involves various steps, namely collection, transportation, processing and disposal. Land disposal is the most common method adopted. In developed countries proper landfills exist along with proper construction and maintenance of the same (DOE/EIA, 1999) . However, in developing countries such as India properly designed and maintained landfills are seldom found. The waste is disposed of in open dumps, which not only leads to severe environmental degradation but also results in loss of natural resources (Parikh and Parikh, 1997) . Existing designs are developed for landfills in the developed countries with the objective of final disposal of waste and some provision is made to handle the gas generated consequently (EIIP, 1999; Johennessen, 1999) . These design procedures were never targeted to handle waste in integration with natural resources utilisation. Even though, many landfills with gas recovery system exist in the USA, they were designed with conventional methodology and hence yield much lesser landfill gas (LFG) (LMOP-USEPA, 1996) . The basic criteria for the landfill design involve the safe disposal of waste. However, design for improved rates of gas generation and its harvest are missing. With the expected rise in waste generation in the developing countries as also availability of proved technology for gas recovery, a new and modified approach to the design of landfill system with gas recovery has been developed for the Indian conditions. Unlike developed countries, India has no landfills but only open dumps. Now, since landfills with proper design having been made mandatory by the Central Government, this new design would be a timely attempt. This proposed design targets the new landfill sites and cannot be applied to the existing dumpsites. Landfills are engineered to some extent to enhance the gas generation rates so that there could be faster yield of LFG and less land requirement. LFG yield and its energy values were calculated by means of functional models developed based on theoretical considerations.
Objectives
The objectives of the present study are the development of modified design methodology for landfill system with gas recovery option and estimation of energy generation value for the case of Mumbai MSW.
Present scenario of waste management in Mumbai
MSW of Mumbai presents a case, which is very close to the national waste scenario. MSW characteristics are presented in Figure 1 . In general MSW management is a four-step process. These are collection, transportation, processing and disposal. As is the case in many developing country cities, Mumbai's solid waste management system fails at the collection stage. Unsegregated waste creates unhygienic conditions at collection centres and also makes the retrieval of reuseable material very difficult. This further results in more land requirement for the final disposal of waste. This even brings down the efficiency of various disposal processes such as aerobic composting, vermi-composting and incineration. Figure 2 shows the schematic representation of MSW management in Mumbai. (Yedla and Parikh, 2001; CPCB, 1997) Mumbai presents a classical example of fast growing urban waste management problem. With a population of more than 15 million, Mumbai has been experiencing tremendous growth in all spheres: population, urbanisation, traffic, industries, trade and so on. The Municipal Corporation of Greater Mumbai (MCGB) is the body responsible for the management of MSW in Mumbai. Present per capita waste generation rate was recorded at 0.5 kg with a collection efficiency of around 80-90% (CPCB, 1995; . The total waste generated every day is as high as 6500 tons (2.37 million tons/yr). Mumbai has a unique geographic location, with 169 sq. km of area with very high population density. The formal sector, which has a total of 39,845 (approx.) employees and informal sector of approximately 100,000 rag pickers, collect the MSW generated. MCGB spends around Rs. 4000 million every year to manage MSW with a large fleet of vehicles and machinery. Mumbai, unlike cities in the other developing countries, could achieve a higher percentage of waste collection due to its innovative practices such as 'night clearing' and 'two shift system of collection'. Despite all these efforts, MSW management is continuing to be in bad shape leaving a wide scope for severe public criticism. Many reasons are there for this failure with the most prominent being the unsegregated collection of waste and poor public awareness and participation. Unsegregated collection of waste shows a cumulative effect throughout the flow line, and, starting from poor collection from ward bins to fall in recovery of reusable material. Poor public awareness and participation adds to it.
The unsegregated waste thus collected passes through the flow line showed in Figure 2 . No formal resource recovery exists in the MCGB plan. However, it was found that rag pickers collect reusable material at various levels, which accounts for Rs 900 million every year (Parikh and Parikh, 1997) . In general, waste is transported to land disposal sites directly. Four major landfill sites exist in Mumbai, which are shown in Table 1 . These four sites are close to their full capacity, making the MSW take recourse to other derelict sites, which are not at all suitable for waste disposal. In Mumbai, except for a few cases of isolated efforts of waste processing no formal system for waste processing/recycling exist. Excel Industries handles 100 tons of waste every day to produce compost. Except a few other NGOs handling waste at the local level, almost all the remaining waste reaches various dumpsites. Out of 6500 tons of waste 5950 tons is collected by MCGB and most of it is transported to open dumps. Rag pickers collect 25% of the total waste generated. MSW reaching open dumps at this rate would exhaust all existing sites further worsening the situation, resulting in dumping of waste at derelict lands. This leads to serious violation of legislations on environmental protection. This practice would further add to huge loss of reusable materials. The reusable and recyclable material present in MSW possess a good market value and in the absence of their recovery, adds to the land requirements in addition to the material loss. Low estimate of this loss would be as higher as Rs. 900 million a year. Therefore, there is need for development of designs for disposal methods targeting at reduced land requirements and resource recovery and there is an increasing importance for aerobic composting and other less land-intensive method of waste disposal.
Historical development of landfill technology
Until recently, the concept of land filling was used to dump waste material for disposal. Therefore, not much care was taken about their construction. Placing the waste in the Earth's upper crust was considered as the safest practice of waste disposal. But with rapid industrialisation and urbanisation, land filling has metamorphosed. As uncontrolled landfills have shown potential of polluting various parts of the environment and many accidents have also happened, regulations have been imposed on landfill location, site design and their preparation and maintenance. A certain degree of engineering was made mandatory for landfills. Figure 3 shows the schematic representation of landfills. Landfill location was based on many factors and an Environmental Impact Assessment (EIA) is mandatory for the siting of landfills. Land availability for longer dumping periods and availability of cover material are some of the important guiding parameters in LF site selection.
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Figure 3 Schematic representation of a landfill
Due to these engineering inputs, landfills have been tightened up leaving much better environment in the 'cells' for better waste decomposition. As a result of careful sealing of cells with daily cover, public nuisance could be reduced along with improved anaerobic conditions within the cell and the life of the landfill could be reduced. This would lead to increased emission of LFG and its escape into the atmosphere is a potential threat to the global environment, which leads to global warming. On the other hand, LFG has considerable energy value and it depends on the composition of waste and also other conditions. Typically, the LFG collected is used for electricity generation and boiler heating in various industries.
Experiences in the USA
It was proved that LFG could be used for electricity generation by using both single as well as dual fuel engines. It can be used as fuel for cooking purposes and for heating boilers of various treatment systems. Effective utilisation of LFG in countries such as the USA and in Europe not only could provide solution for waste management but also contributes significantly to non-renewable energy generation and minimise GHG emission from MSW. In the year 1997, LFG contributed as high as 952,314 × 10 3 kWh (3.428E+9 MJ) of electricity in the USA and is the next highest contributor to the renewable energy sector after hydroelectric sector (DOE/EIA, 1999). During 1993-1997, from among the biomass energy consumption in the USA, MSW and LFG contributed a significant part and it was consumed by the industrial sector to an extent of 73% (DOE/EIA, 1999). In the USA, 133 landfill sites were recovering LFG in 1997 among which around 120 produce energy for generating facilities. These facilities have a combined generating capacity of 832 MW.
Most of the landfills in the USA are constructed for waste disposal only, which never considered gas generation and harvest in their designs. Thus, the gas generation rate is lower due to the absence of any consideration for enhancement of gas generation in the landfill design process.
Indian scenario of landfill technology
Though India is a tropical country, and one of the most favourable places for landfill system of waste disposal with recovery of gas, no efforts are being made for its development. High decomposable organic fraction and greater moisture content of Indian MSW favours gas generation considerably (Bhide, 1994) . MSW in Mumbai consists of about 40% organic and decomposable components with a moisture content of more that 50%. In spite of all this, MSW in India is disposed of in open dumps. Due to the fact that MSW in India consists of more organic waste and also high moisture content along with prevailing tropical climate, LFG generates even in open dumps and escapes into the atmosphere. In addition to this, improper dumping consumes more area. In metropolitan cities such as Mumbai, considering that the existing dumpsites reach their full capacity, waste is directed to derelict lands, which are not at all suitable for waste disposal and LFG generation and escape to the atmosphere from open dumps is a major concern for experts of climate change. Hence, to avoid this danger, the Government of India recently ordered that properly designed landfills are a mandatory requirement for MSW disposal. In the light of the newly formulated legislation for properly designed landfills, MSW from Mumbai with its rich organic and moisture content, would result in more gas generation, which also needs to be handled. Further, due to the fact that methane is a major constituent of LFG and has considerable energy value, its energy potential needs to be evaluated. This could lead the way for LFG collection from landfills and its use for various purposes.
Landfill gas
As waste decomposes in landfills it produces biogas with approximately 45% CO 2 and 55% CH 4 (Bhide, 1994; EIIP, 1999 ). This gas is termed as LFG. Due to the presence of methane, LFG has a heat content of about 500 BTU/ft 3 (18629.5 KJ/m 3 ), which is about half of that of commercially marketed natural gas.
Given the potential of landfills to generate gas for energy, commitment to mitigation of GHG emissions and a high requirement of land for conventional landfills, there is a need for improving the design and layout of landfills so that all the above-mentioned needs are fulfilled. The proposed design could even be optimised for economic performance.
Proposed methodology for modified design of landfills
Given the poor situation of waste management and landfills as also the failure of existing landfills to attract private participation, the following new methodology of landfill design is proposed and developed to attract private participation in waste management by providing economic gains. The proposed design is based on an integrated approach to waste disposal and energy generation. This approach can be applied only to the proposed new landfills. It may not be applied to the existing landfills.
The following assumptions are made:
• Waste is segregated at source and should contain very little fraction of recyclable material when it reaches the landfill site.
• Direct shipment of waste is considered in most of the cases as the proposed landfills with modified designs could be located in different parts of the mainland leaving a wider scope for minimisation of transportation cost and efficient waste collection.
In this modified design approach, in contrast to the conventional approach, land requirement is determined for the waste generation level and for a given life of landfill, the required number of cells is decided upon. 
Let the volume of each cell be
where, L = base length of landfill (with one end open) B = breadth of the base (wall to wall) (Peavy and Rowe, 1989) and 1:1 slope is assumed on all sides of the landfill.
For a 'cell' to cater for a one year of waste, the designed volume should be equal to the volume of waste in place per year 
With 1:1 slope, the dimensions of each cell can be calculated by trial and error for any given set of waste generation data. Maturation period of three years is considered for this modified design of landfill. This has been assumed based on the anaerobic digester demonstrated for the digestion of market waste (IIT, 1997) . It has been assumed that by the time the waste reaches the landfill the non-compostable fraction is negligible and proper shredding and damping are carried out, which shortens the maturation period of the waste in the 'semi-engineered' landfill cell. This assumption is further supported by the pilot study carried out on landfills with gas recovery in Delhi and Nagpur (Bhide, 1994) . Each cell may be designed to cater to the waste generated for one year and the life of each cell should be three years for gas generation (effectively it gets four years as maturation). Depending on W a it can be adjusted to a six-month cell followed by three years' maturation. One year could be considered as mining period. Thus for a city with waste generation W d /day the area required is found to be 5 A LF . With only 5 times A LF the entire waste can be managed by adopting the rotation process. This could be fixed for any city depending on waste generation rates and the conditions for the waste maturation.
The layout can be designed based on population distribution of the city under consideration. It could even be distributed at different places based on the geographical conditions of the city under consideration. Table 2 provides the scheduling of proposed landfill system. The optimal depth for landfills in Indian conditions was determined by a pilot study in Delhi and Nagpur in India. For faster gas generation, depth of the landfill should be in the range of 3-5 m (Bhide, 1994; Mosher et al., 1999) . Compaction efficiency is the driving parameter for both area requirement and gas generation. There fore, more compaction is suggested in the respective existing conditions. This efficiency feeds into the 'Landfilling efficiency' factor. Gas collection systems need to be installed at an interval of 1 m and a gradient needs to be provided for leachate collection system (Bhide, 1994; Johennessen, 1999; Peavy and Rowe, 1989 ).
Energy generating potential of landfill with gas recovery system
Landfill system with gas recovery (LFSGR) is an integrated approach for the management of MSW, mitigation of anthropogenic methane emissions and development of non-conventional energy sources. The following section describes the potential of LFSGR for energy generation. Energy generation potential of LFSGR depends on the total assimilable organic carbon available in the waste and gas generation rate apart from other systemic factors such as the collection efficiency and the heating value of the gas which depends on the methane content. The total energy generation can be calculated as shown below:
Total assimilable carbon available in one year (t) = a lf a-
where, W a annual waste generated (tons) f lf fraction land filled f a-doc fraction of assimilable organic carbon in the degradable waste Total gas generated from one year of waste = ( ) ( )
where, f methane is the fraction of methane in LFG r lfg is the methane generation rate (m 3 /t) Total energy generated from one year of waste using LFSGR
where, Ψ is the gas collection efficiency ω is the calorific value of Methane (Kcal/m 3 )
Case study of Mumbai MSW
The potential of PBLF as a non-conventional energy source has been assessed by adapting it to a case study of MSW of Mumbai city. The typical characteristics of Mumbai MSW are given in Section 2. Details of the model parameter for this case study are presented below:
Total waste generated 6500 tons/day (2,372,500 tons/year) Total waste collected 2,158,975 tons (91% collection efficiency)
Fraction of waste to be land filled 0.525 (in the proposed system)
Fraction of assimilable organic carbon 0.6 of land-filled waste (EIIP, 1999; Johennessen, 1999) LFG generation rate 720 m 3 /t Fraction of methane in LFG 0.55 (gas properties are at standard temperature and pressure)
Gas collection efficiency 80%
Calorific value of methane 9000 Kcal/m 3 (lowest value)
The above data have been derived from various experimental studies reported in the literature (Bhide, 1994; IIT, 1997; LMOP-EPA, 1996; Peavy and Rowe, 1989; Yedla and Parikh, 2001) . Gas collection efficiency has been taken from the US system of landfills as there is no experience available for Indian conditions.
The energy potential (Kcal) has been calculated as follows:
2158975 0.525 0.6 720 0.55 0.8 9000
Mumbai MSW could yield net methane of 1939 billion Kcal of energy per year. With coal equivalence of 0.92, density at 0.722 × 10 -3 t/m 3 and calorific value of 9000 Kcal/m 3 , total coal equivalence of LFG generated will be 0.145 million tons. With the cost of coal at Rs. 800/ton, the value of methane that could be harvested with PBLF system is Rs 115.84 million/yr (US$2.49 million/yr) 2 . The mined compost could be used in agriculture, though it needs to be tested on a pilot scale. Adding value to the mined manure would make this process much more economical. Excel Industries Pvt. Ltd has been marketing the compost from solid waste.
As the proposed system includes some critical assumptions, barrier analysis and adaptability checks have to be undertaken. In the cost-benefit analysis (Yedla and Parikh, 2001 ) the costs of landfill preparation and maintenance have been extrapolated from USEPA data with due inflation in costs. In another study it was proved that inclusion of landfill preparation costs and maintenance could not undermine the economic potential of this newly proposed system. As was mentioned earlier, this is an integrated approach encompassing different domains of problems with a unique outcome. Further study is planned to check its adaptability: first at small scale and then at large scale.
Landfill scenario has been changing over time. With increase in waste generation rates, scarcity of land availability and global warming issues, there is a great need for modifications to the existing landfill designs targeting at energy generation from waste and with less requirement of area. Modified design was proposed based on theoretical considerations and also the levels of waste generation. In a case study it was found that there is a possibility of generating energy worth of Rs. 115.84 million (with LFG harvested equivalent to 0.145 million tons of coal). Manifold land saving has been possible on account of these 'cells' designed by the new approach as they would require only a fixed area of land whereas the conventional designs would need land on a continuous basis because the waste takes more than 20 years to fully get composted and settle in the case of landfill designed as per the existing design procedures. Thus, LFSGR based on the newly proposed landfill design would prove better both on counts of land saving as well as energy generation.
